Abstract Bacterial resistance to antibiotic treatment is an attractive issue. The discovery of new antibiotics often does not respond to the rapidly increasing bacterial resistance and needs innovative approaches to combat bacterial infections. The NPs size-dependent strong anti-bactericidal effect of Zn 1-x Fe x O is inspected. Iron (Fe)-doped zincoxide (ZnO) nanoparticles (NPs) with composition Zn 1-x Fe x O, where x = 0.0, 0.01, 0.03, and 0.05 are synthesized by sol-gel method from nitrate precursors and gelatin at fixed calcination temperature of 650°C maintained for 2 h. The effects of Fe contents on the antibacterial and structural features of these NPs are inspected. XRD patterns display the single-crystalline nature of samples that exist in hexagonal wurtzite phase. SEM images reveal the existence of nearly spherical-shaped single-crystalline NPs. The observed broadening in the X-ray peaks confirms the evolution of crystalline phases in Zn 1-x Fe x O NPs. A quantitative analysis of the size-dependent strain effects is performed through Williamson-Hall and size-strain plot, and its impact of strain on peak broadening is demonstrated. The values of strain, stress, and energy density are calculated. The estimated NPs mean size from FESEM and size-strain plot (SSP) is found to be in close agreement. ZnO NPs in the presence of Fe show some inhibition toward E. coli bacterial growth. Fe acting as impurity in the ZnO nanostructure enhances the power oxidation of ZnO resulting in an augmentation of antimicrobial activity.
Introduction
Bulk ZnO being a well-known wide direct band gap (3.2 eV at room temperature) semiconductor [1] [2] [3] [4] with high exciton binding energy (*60 meV) [5] is potential candidate for optoelectronic applications in the short wavelength range (green, blue, UV) [6] , information storage, fluorescence labels in medicine and biology, in controlling units as UV photo-detectors, high-flame detectors, nanosensors of various gases, cosmetic industry, and component of sun screens. The high exciton binding energy of ZnO would allow for excitonic transitions even at room temperature, which results in high radiative recombination efficiency for spontaneous emission as well as a lower threshold voltage for laser emission. Dedicated efforts are made to fine-tune the properties of ZnO to achieve modified band gap useful for UV detectors and emitters. The structural optical and electronic properties of ZnO can be further tuned by varying the NPs morphology and nature of dopants [1, 2] . The unusual properties such as large saturation velocity (3.2 9 107 cm s -1 ) [7] , non-toxicity [8] , high chemical and thermal stability, and lavishness make ZnO more attractive for assorted applications. Despite the advancement of several synthesis methods for ZnO NPs including sol-gel [9] [10] [11] , precipitation [12] , microwave [13] , chemical vapor deposition (CVD) [14, 15] , reverse micelle [16] , spray pyrolysis [17] , hydrothermal [18, 19] , DC thermal plasma synthesis [20] , pyrolysis [21] , and combustion synthesis [22] , many issues related to the influences of impurities, composition, particle size, shape, morphology, and doping on overall electronic structure properties remain debatable.
Above all, the properties of ZnO nanostructures are critically decided by their crystallite size together with strain relaxation dynamics. It is acknowledged that the electronic structure properties of ZnO NPs get altered by the quantum size effect, presence of defects, and incorporation of dopants [10, [23] [24] [25] [26] [27] [28] [29] [30] . Therefore, it is fundamental to include the variation of crystallite size and lattice parameters in the structural calculations, because the ionic radii of the dopants are highly distinct compared to the host zinc radii. Generally, the observed broadening in the diffraction peaks is majorly attributed to the variation in crystallite size and the occurrence of defect-mediated lattice stain. In fact, deficiency of dopants or lattice mismatch generates lattice strain that propagates along the lattice. Consequently, the peak position and peak intensity gets changed due to the involvement of lattice strains mostly via electron-phonon coupling. The alteration in peak position is related to the uniform strain and the peak widening is linked to the nonuniform strain [31] .
Antibacterial agents are relevant for several industrial practices including environmental, food, synthetic textiles, packaging, healthcare, clinical, medicine as well as construction and decoration. Doping is a widely studied way for modification of antibacterial properties. The defect-related properties and oxygen vacancies influence the antibacterial properties. Therefore, many studies have been carried out on metal-doped ZnO nanoparticles. Among these metals, Co 2? and Mn 2? have been reported widely [32] [33] [34] [35] . We prepare Zn 1-x Fe x O NPs via sol-gel technique at room temperature in the gelatin media. Fe 3? has been used to have more defect and oxygen vacancies in the ZnO nanocrystals and also it's less toxicity. As mentioned earlier, the defects and oxygen vacancies increase the antibacterial properties of ZnO nanoparticles [10, 32] . As gelatin expands throughout the course of calcinations process, it is used as polymerization agent (to avoid agglomeration of NPs) to terminate the NPs growth. These NPs are systematically characterized to determine the modification in their antibacterial potency, crystallinity, morphology, and sizes due to Fe doping. The impact of Fe impurity-stimulated strain is established to be responsible for such alterations. O. To achieve 2 g of the final product, the specific amount of zinc and iron nitrates is dissolved in 20 ml of distilled water. The value of the nitrates is calculated according to the Zn 1-x Fe x O formula, where x = 0, 0.01, 0.03, and 0.05. Alternatively, 4 g of gelatin (the ratio of gelatin to final product is considered as 2:1) is gradually added to 60 ml of distilled water and the solution is continuously stirred at 80°C in an oil bath. After complete dissolution of gelatin in water, a clear solution is achieved. Next, the Zn 2? and Fe 3? solutions are added to the gelatin solution. By maintaining a constant temperature of 80°C for 6 h with continued stirring, a viscous, clear, and honey-like gel is obtained. For the calcination process, small amount of the prepared gel is rubbed on the inner walls of an alumina crucible before being placed into the furnace which operated at 600°C for 2 h with a heating rate of 5°C/min.
The phase evolutions and structure of the pure and Fedoped ZnO NPs are recorded via X-ray diffraction (D5000 diffractometer) using Fe-Ka 1 radiations (1.540 Å ) at 40 kV and 100 mA. The scanning range of 2h is from 0°to 40°. A slow speed of scanning *1.2°/min with a resolution of 0.011 is employed. The TEM (Hitachi H-7100 electron microscope) and SEM (FESEM, Quanta 200F) are employed to examine the NPs shape, size, and surface morphology. The size of the nanoparticles is measured by Image Tool (IT3) software, and then, the obtained data are analyzed using SPSS software to achieve size distribution and histograms.
Growth of bacteria
E. coli microorganism is cultivated to scrutinize the antibacterial activities of as-prepared NPs [36] . Firstly, 8 g of nutrient broth is suspended in 1000 ml de-ionized water and heated for complete dissolution in the medium. Autoclaving is carried out at 15 lbs pressure and 121°C for 15 min to dispense the nutrient broth. Finally, an incubation at 36°C for 20-40 h is applied [36] against the Gram-negative bacterium E. coli micro-organism. The effects of NPs on inhibition of bacteria growth are examined using agar diffusion approach, where E. coli is cultured on nutrient broth and the density of the bacterial cells in liquid cultures is estimated by optical density (OD) measurement at 600 nm wavelengths [37] . The antibacterial test has been repeated for three times, and then, the average results were presented.
3 Results and discussions 3.1 Structural properties Figure 1 illustrates the XRD pattern of the synthesized pure and Fe-doped ZnO NPs. The detected peaks are indeed indexed as ZnO hexagonal structure which is in agreement with PDF Code: 00-036-1451. The growth is favored along (101) direction. Furthermore, the intensity of all the diffraction peaks is found to decrease with the increase in Fe contents. This decrease is attributed to the effects of disorders or defects created by the Fe ions in the ZnO lattice structure. For 5 % Fe-doped ZnO nanoparticles, the intensity of (101) peak decreased, but it shift back to the higher angles and do not follow the trend.
The lattice parameters are calculated by using Bragg equation k = 2d sin h [where d is the distance between two planes with the miller indices (hkl)]. The other parameters (Table 1) are obtained from lattice geometry equation for hexagonal structure [38] given by: Figure 2 clearly demonstrates the considerable shift in the (101) peak position toward lower angle due to the increase in Fe contents in the ZnO matrix. This is interpreted in terms of the difference in the ionic radii of the Fe ?3 and Zn ?2 ions which caused enhanced lattice strain. The XRD peak broadening analysis is used to evaluate the nanocrystallite size. The sizes are estimated from Scherrer equation D ¼ Kk = b cos h , where D is the crystallite size, k is the wavelength of the radiation (1.54056 Å for Fe-K a radiation), K is a constant about 0.94, b is the peak full width at half minimum intensity (FWHM), and h is the peak position. The diffraction peak (101) with the maximum intensity is considered. Table 2 compares the estimated size obtained from two different methods. It is worth noting that Scherrer equation is limited in estimating the accurate size because it does not account for the strain that is present in the lattice due to the occurrence of imperfections or defects. Therefore, other methods are necessary to estimate the NPs size accurately, which is performed using Williamson-Hall plot.
The separation of the size and the strain effect on the sample broadening is approved and written as e(2h) = 4e 0 tan h, where e 0 = Dd/d (fractional variation in Bragg plane spacing). Thus, by plotting the sinh/k as a function of e cos h/k (Williamson-Hall plot), the microstrain can be calculated. In this method, the relation of crystallite size, lattice strain, and peak broadening is [39] :
It is found that the diffracting domains are isotropic including a microstrain contribution. However, there is a better evaluation in the case of the isotropic line broadening which called size-strain plot (SSP) method. Another advantage of this method is that less weight is given to the data obtained at high angles. The relation between crystallite size, strain, and peak broadening yields [40] :
where k is the shape factor which is chosen as for spherically shaped NPs. The typical SEM image of the sample as shown in Fig. 3 clearly reveals the spherical morphology of our sample. A plot between (d hkl b hkl cos h) 2 versus (d hkl 2 b hkl cos h) is generated for all diffraction peaks appeared between 2h = 20°-80°, and a linear fitting is performed as illustrated in Fig. 4 . The crystallite size and lattice strain are obtained from the slope and y-intercept, respectively ( Table 2) .
The lattice stress is obtained from the strain following Hooke's law, r = Ye, where r is the stress and Y is the Young's modulus. But this linear relation is valid for small uniform strain and dislocations. The lattice strain for the hexagonal structure is obtained from SSP method, and the Young's modulus is calculated using relation [41] : Fig. 4 Plot of (db cos h) 2 against d2b cos h for all prepared samples 
where the elastic compliances of ZnO s 11 , s 13 , s 33 , and s 44 take the value 7.858 9 10 -12 , -2.206 9 10 -12 , 6.940 9 10 -12 , and 23.57 9 10 -12 m 2 N -1 , respectively [42] . The value of Y is obtained to be 125 GPa for the ZnO NPs. In addition, the energy density of the lattice is computed from,
The results obtained from Scherrer and SSP methods are summarized in Table 2 . It is observed that the crystallite size of the NPs obtained from both Scherrer and SSP methods is decreased with the increase in Fe dopant concentration. Furthermore, the chemical reactivity of the dopant has severely affected the kinetics of crystal growth [25] . In fact, due to the less chemical reactivity of the Fe compared to the Zn, adding Fe as dopant into Zn matrix reduced the crystal growth speed and hence the NPs sizes. The difference in the SSP and Scherrer estimates is due to the fact that the former one includes the strain contribution on the peak broadening and later one neglects this influence. Briefly, the impact of Fe defect-mediated strain on the growth morphology of NPs is demonstrated. analyzed with respect to the Gram-negative bacterium E. coli microorganism. The bacterial inhibition growth curve is used to study its growth kinetics and to evaluate the antibacterial properties of the doped samples. As expected, no inhibition of the bacterial growth is observed in the absence of doped NPs within the bacteria solution. However, complete inhibition of bacterial growth in the presence of ZnO NPs is evidenced. The antibacterial activities are gradually increased with increasing Fe contents, but considering the error bars, the inhibition is found to be considerable at 5 % Fe doping compared that for less percentage of Fe. The reduction in antimicrobial activity of ZnO in the presence of Fe is ascribed to the impurity effects in ZnO structure. Consequently, the decrease in oxidation power of ZnO NPs reduces their antimicrobial activities. Figure 6 shows schematic diagram of ZNFeO nanoparticles interaction on captured E. coli cell with NPs.
The overall charge of the bacteria and spore cells at biological pH values is negative, because of the excess number of carboxylic and other groups which upon dissociation make the cell surface negative [43, 44] . The charge against bacteria and iron ions released from the NPs, adhesion, and bioactivity occurs between them. The destruction of the cell wall of bacteria leads to bacterial death with increasing iron NPs concentration. Furthermore, Fe 2? and Fe 3? ions released the increase, signifying that at higher concentrations of free ions in the liquid medium is more. Therefore, the bacterial grow this stopped. There is sufficient concentration of Fe ions in the liquid medium effective to prevent bacterial growth and causing death.
Increasing concentrations of iron NPs caused a delay in bacterial growth and found to have an effective bactericide effect on the growth of E. coli. These results support the conclusion that growth inhibition of E. coli depends on the release of an appropriate iron ion concentration in liquid medium. It is worth mentioning that binding of iron NPs to bacteria depends on the surface area available for interaction. The mechanism by which NPs are able to penetrate into bacteria is not understood completely, but studies have suggested that when E. coli is treated with iron NPs, changes take place in its cell membrane morphology.
Iron ions have the capacity to kill bacteria by destroying their cell walls and membranes because they have a strong reduction ability, which can extract electrons from the bacteria, causing their cytoplasm to escape and oxidizing the cell nucleus. The antibacterial mechanism of iron NPs has been attributed to the fact that Fe 3? ions eluted from NPs are absorbed by bacteria at higher NPs concentration. Iron ions are absorbed onto the bacterial cell surface, imparting damage to the cell membrane by solidifying protein structure or altering enzyme function. In general, studies have shown that NPs have the capability to penetrate the bacteria. It may be because of the unique morphology. Fe NPs may be used to treat or prevent infections. Using the methods of coating of iron NPs on medical devices, the incidence of infection can substantially be reduced.
Conclusion
Zn 1-x Fe x O NPs with varying Fe concentrations are prepared using sol-gel technique at calcination temperatures of 650°C and structurally characterized to determine their antibacterial properties. The XRD pattern revealed the occurrence of wurtzite structure of Zn 1-x Fe x O NPs devoid of any pyrochlore phase. The significant broadening in the XRD peak is analyzed using Scherrer formula and the sizestrain plot method. The nanocrystallite sizes (between 30 and 45 nm) are observed to decrease with the increase in Fe contents. It was found that the percentage amount of the Fe atoms less than 5 % does not have a remarkable effect on increasing the antimicrobial activity of ZnO NPs and only it gradually enhanced by 5 %. It can be concluded that low percentage Fe doping is not effective for improvement in antibacterial activity of ZnO NPs.
